We propose the use of common electronics devices, such as CCD image sensors and LCD screens of mobile phones or digital cameras, to carry out simple optical experiments to study the phenomenon of diffraction. The proposed experiments can be performed as classroom demonstrations, or as laboratory experiments to study the spatial structure of these components by analyzing their diffraction patterns. This article presents the laboratory design and the experimental results obtained with these kinds of common electronic components.
I. INTRODUCTION
Most basic Physics courses for science or engineering students include the study of interference and diffraction as fundamental properties of all wave phenomena 1, 2 . In the case of light, diffraction is observed when a light beam meets an obstacle or aperture (of size comparable to the light wavelength) that disturbs its propagation. Due to the wave behavior of light, the edges of the shadow produced by the aperture are not well defined, instead, interference stripes appear, that is, the diffraction phenomenon takes place at the edges of the aperture. This phenomenon plays an important role in the formation of images through real optical systems, since the small size of the lenses and the mirrors forming it limit the extension of the incident rays. This fact makes the image of a real point object not be a point but a diffraction spot whose dimensions limit the resolution of the imaging systems.
This includes the diffraction effects caused by the pupil in the human eye.
Despite the undoubted importance that in many real systems the study of the diffraction of light waves has, its study is usually perceived by students as something of purely academic interest that requires of complicated mathematical treatment and very specific scientific components for observation, such as monochromatic light sources, apertures, slits of very small size or diffraction gratings. However, nothing is further from reality either in terms of interest or in the difficulty to make experiments.
In this respect, a great variety of creative works have been published concerning the wave phenomena of light [3] [4] [5] [6] [7] . For example, in reference 8 , diffraction experiments are done using slits made with graphic arts films. Compact discs (CD) as diffracting elements are studied in references [9] [10] [11] [12] . The tracks of the CD represent a one-dimensional diffraction grating which can be used to perform low cost alternative experiments in Physics courses, which may be highly motivating for Electronics-related engineering students. Another example of construction of diffracting elements is the production of slits by a low cost photolithographic process 13 . In references 14, 15 , the diffraction patterns of fractal Cantor set and Fibonacci sequence based gratings are studied, respectively. Typically, in many of these experiments a CCD image sensor is used for the digital registration of the diffraction patterns, with Ref.
16
being one of the first didactic works on this topic. As the light source, a monochromatic laser pointer is used. The analysis of the obtained diffraction patterns can be used to determine the characteristics of the pixel structure of these components and to determine the spatial resolution.
The outline of this paper is the following. In section II the basic theory of Fraunhofer diffraction is presented. In section III, the experimental set up is explained. Results for four diffracting objects (two CCD sensors and two LCD screens) are discussed in section IV and finally in section V some conclusions are drawn.
II. BASIC THEORY
First of all, let us consider the simple case of a vertical slit aperture of width L, illuminated perpendicularly with a parallel monochromatic light beam of wavelength λ and irradiance I 0 . The distribution of irradiance is obtained in the observation plane which is located at the distance D. This distance is large enough -in general-to consider the pattern as a Fraunhofer diffraction pattern. It can be demonstrated that for the considered aperture, the irradiance distribution on the observation screen is given by 1,2 :
where a small diffraction angle is assumed (D is large in comparison with L). The zeroirradiance positions in the diffraction pattern are given by
When the illuminated diffracting element is made of two identical apertures of width L and separated by the distance d, two diffracted beams are generated, one coming from each aperture, which interfere with each other on a screen located at the distance D. In this case, the irradiance distribution on the observation screen can be expressed as:
In the above expression, the interferential pattern, given by the term cos 2 (πdx/λD), is modulated by the diffraction pattern of a single slit, -similar to the pattern given by equation 1 -, yielding finally the actual interference-diffraction pattern.
In the case of N identical equi-spaced slits (1D diffraction grating), an interferencediffraction pattern made of a set of quasi-punctual maxima of irradiance (diffraction orders)
aligned and equidistant between each other is obtained 2 . This pattern is given by the following equation,
It can be noticed that for N = 2, the equation above transforms to equation 3. Again, the interference pattern produced by N slits which is enveloped by the single slit pattern, is obtained. In this case, the main interference maxima are localized at,
So that the distance, p, between the consecutive diffraction orders depends on the distance d between the slits of the grating according to the following expression:
Finally, let us consider the more general case of an aperture which is replicated in two perpendicular directions x and y (2D diffraction grating). As in previous examples, it can be demonstrated that for this case, a bi-dimensional interference-diffraction pattern is obtained. It can be noticed that for each direction, x or y, the distance between the maxima of irradiance (diffraction orders) depends on the period of the grating on the corresponding direction (d x and d y ). In this respect, the following relations apply:
maxima are also modulated by the diffraction pattern of the elemental aperture which is replicated. The diffraction orders of the grating do not have the same values of irradiance.
From all stated above, it can be concluded that from the analysis of the interferencediffraction patterns of a periodic object its spatial structure can be known. This idea will be used to determine the characteristics of the spatial structure of CCD image sensors and LCD screens. Both electronic components behave as 2D diffraction gratings since their pixel structure is formed by a large number of identical pixels (elemental apertures of a given form and size) which are replicated in two directions with a given period.
III. EXPERIMENTAL SET UP
The experimental set up used to obtain the diffraction patterns is very simple. As the light source, a monochromatic laser diode, Powerfix KH 4179, is used. The wavelength λ = 650 nm provided by the manufacturer is verified using an Ocean Optics -HR4000 highresolution spectrometer to obtain a value of (654 ± 2) nm. The set up also includes a holder to fix the object that will be studied and a diffusing screen, on which, the diffraction pattern is observed.
One type of diffracting element to be used in our experiments is the LCD. It consists of a device whose functioning is based on the light modulating properties of liquid crystals 18 .
LCDs are present in many everyday devices such as computer monitors, video game consoles, clocks, watches and calculators. When the diffracting element is an LCD screen, the diffraction pattern is obtained by transmission and is observed on the diffusing screen located a few meters away. Note that for a typical LCD whose distance between pixels is of the order of 200 µm, it implies that a laser of 2 mm of diameter covering 10 periods of the slit array is being used.
The other type of diffracting device used in our experiments is the CCD image sensor.
CCDs image sensors are used for light detection in digital devices when high quality images are required, such as in digital cameras 19 . In a CCD image sensor, pixels are formed by p-doped MOSFET capacitors 20 . Unlike LCDs, the diffraction pattern of CCD sensors is produced by reflection since it consists of opaque elements that do not allow the passage of the light through them. Besides, as the distance between pixels in a CCD is much smaller than for the LCD, typically of the order of 10 µm or even smaller, the laser covers a region of 200 periods of the slit array on each direction.
The LCD and CCD have been obtained from obsolete digital cameras and mobile phones.
The extraction of these electronic components is relatively simple, although in the case of the LCD there is a risk of breaking the screen, so that students should be careful. The results shown in the manuscript were obtained with LCD and CCD taken to the class and extracted by the students a few minutes before doing the experiments.
In order to determine the distance between the consecutive diffraction maxima (p x on the x-axis direction and p y on the y-axis direction) in the diffraction patterns a vernier caliper is used. The distance D between the diffracting element and the observation screen caliper precision, 0.01 mm. The error for the average over the measurements, p ave , is the maximum value between the precision of the caliper, 0.01 mm and the standard deviation of the measurements. In tables from I to IV, the latter is larger than the precision, which is due to the lack of precision in localizing the maxima on the observation panel. In order to determine the error associated with the indirect measurement of d DP a standard procedure of propagation of errors has been used. Finally, the percentage discrepancy, Disc, between the pattern and microscope pixel sizes is shown in the last row of the table.
B. CCD image sensor of the digital camera Canon Ixus 80 IS
The experimental measurements for the diffraction pattern produced by the CCD sensor of the digital camera Canon Ixus 80 IS (figure 3), are registered in table II. In this case, pixels are smaller than in the previous example since this digital camera has a higher resolution.
The distance to the observation screen is D = (21.5 ± 0.1) cm. This table shows the same quantities as in table I. The image shown in Fig. 3c was, in this case, captured with a 40× microscope objective. 
where, α = 60 o , is the interior angle of the vertex of the triangle defined by three equivalent pixels (see Fig. 5 c) , d is the length of the triangle sides and p is the distance between nearest neighbor diffraction orders (see Fig. 5 d) . For the experimental values shown in 
